Infection with gram-negative bacteria, such as Escherichia coli, results in a series of complex hemodynamic, metabolic, and innate immune responses that can culminate in the clinical condition referred to as sepsis. These responses are coordinated, in part, by the production of several key cytokines and the subsequent induction of a set of inflammatory genes. One such proinflammatory cytokine is gamma interferon (IFN-␥), which has been shown elsewhere to play a central role in the induction of endotoxicosis and gram-negative bacterial sepsis in several rodent models (9, 17, 19, 20, 22, 25, 38, 41) . For example, injecting mice with recombinant IFN-␥ stimulates the expression of intercellular adhesion molecule 1 (ICAM-1) and the inducible form of nitric oxide synthase (iNOS) (7, 11, 38) . The expression of these genes contributes to changes in leukocyte migration and the production of highly reactive nitrogen radicals, respectively. Conversely, mice lacking IFN-␥ or its receptor show decreased hepatic expression of iNOS and ICAM-1 following challenge with either live bacteria or endotoxic lipopolysaccharide (LPS) (38, 41) . In response to microbial challenge, several cell types, including natural killer (NK) cells, conventional T cells, and NK T cells, synthesize 33, 36, 42, 45) .
Infection with gram-negative bacteria, such as Escherichia coli, results in a series of complex hemodynamic, metabolic, and innate immune responses that can culminate in the clinical condition referred to as sepsis. These responses are coordinated, in part, by the production of several key cytokines and the subsequent induction of a set of inflammatory genes. One such proinflammatory cytokine is gamma interferon (IFN-␥), which has been shown elsewhere to play a central role in the induction of endotoxicosis and gram-negative bacterial sepsis in several rodent models (9, 17, 19, 20, 22, 25, 38, 41) . For example, injecting mice with recombinant IFN-␥ stimulates the expression of intercellular adhesion molecule 1 (ICAM-1) and the inducible form of nitric oxide synthase (iNOS) (7, 11, 38) . The expression of these genes contributes to changes in leukocyte migration and the production of highly reactive nitrogen radicals, respectively. Conversely, mice lacking IFN-␥ or its receptor show decreased hepatic expression of iNOS and ICAM-1 following challenge with either live bacteria or endotoxic lipopolysaccharide (LPS) (38, 41) . In response to microbial challenge, several cell types, including natural killer (NK) cells, conventional T cells, and NK T cells, synthesize IFN-␥ (12, 33, 36, 42, 45) .
Tissue oxidative stress is a natural consequence of infection and results, in part, from the combined effects of superoxide and nitric oxide produced by inflammatory cells. Endogenous intracellular antioxidants are important in maintaining the reductive-oxidative (redox) balance necessary for inflammatory responses (30, 31, 38, 50, 51) and are often depleted during infection (32, 37, 47) . Thiol-reactive compounds have been used experimentally to create prooxidant tissue environments and have been reported to decrease significantly the expression of tumor necrosis factor alpha (TNF-␣), iNOS, ICAM-1, and CD14 in rodent tissues in response to either LPS or E. coli challenge (31, 38, 50) . Recent evidence has indicated that oxidative stress caused by thiol depletion also decreases E. coli-induced IFN-␥ production and that this effect plays a major role in regulating inflammatory gene expression in the mouse liver (38) .
The present study was undertaken with two objectives. First, we wanted to identify the anatomical site and the specific lymphocyte subsets involved in IFN-␥ production in mice challenged with viable E. coli bacteria. Determining the effects of oxidative stress on IFN-␥ production by these cells was a second important objective. Our results suggest that hepatic lymphocytes in the mouse are a major source of this cytokine following intraperitoneal (i.p.) challenge with viable bacteria and that multiple lymphocyte subsets participate in this response. The effect of oxidative stress on the IFN-␥ response is not equivalent in each cell subset, suggesting that intracellular signaling for production of the cytokine is cell subset specific.
MATERIALS AND METHODS
Reagents. E. coli O111:B4 LPS, diethyl maleate (DEM), sesame oil, glutathione reductase, lactate dehydrogenase, bovine serum albumin (BSA), and brefeldin A were purchased from Sigma Chemical Co. (St. Louis, Mo.). Fetal bovine serum was obtained from JRH Biosciences Co. (Lenexa, Kans.). ACK lysing buffer was purchased from Bio-Whittaker Co. (Walkersville, Md.). Normal rat immunoglobulin G (IgG) and normal hamster IgG were from Jackson ImmunoResearch Laboratories (West Grove, Pa.). Perm/Wash buffer, CytoFix/CytoPerm solution, streptavidin-Cy-Chrome conjugate, and streptavidin-fluorescein isothiocyanate (FITC) conjugate were obtained from BD PharMingen Inc. (San Diego, Calif.). LPS-free phosphate-buffered saline (PBS) and glucose were from Fisher Scientific (Pittsburgh, Pa.), RPMI 1640 medium was from GIBCO BRL (Rockville, Md.), Liberase RH and DNase I were purchased from Roche Diagnostics Corp. (Indianapolis, Ind.), and LPS-free Percoll and Ficoll-Paque were from Amersham Pharmacia Biotech (Piscataway, N.J.). Neutravidin was obtained from Molecular Probes (Eugene, Oreg.). The following antibodies were purchased from BD PharMingen: rat anti-mouse CD16/CD32 (clone 2.4G2), biotin-conjugated mouse anti-mouse NK1.1 (clone PK136), Cy-Chrome-conjugated hamster anti-mouse CD3ε (clone 145-2C11), FITC-conjugated hamster anti-mouse T-cell receptor ␥␦ (TCR␥␦; clone GL3), FITC-conjugated rat antimouse CD4 (clone GK1.5), FITC-conjugated rat anti-mouse CD8 (clone 53-6.7), phycoerythrin (PE)-conjugated rat anti-mouse IFN-␥ (clone XMG1.2), CyChrome-conjugated hamster IgG (clone G235-2356), and PE-conjugated rat IgG (clone R3-34). Tetramers comprised of mouse CD1d and ␤ 2 -microglobulin were prepared as previously described (29) , labeled with PE, and loaded with ␣-galactosylceramide (␣-GalCer). Unloaded PE-conjugated CD1d-␤ 2 -microglobulin tetramers served as controls for measuring background staining.
Animals. Female (8-to 12-week-old) C57BL/6J and CF-1 mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) and Charles River (Wilmington, Mass.), respectively. The animals were maintained in an American Association of Laboratory Animal Care-accredited facility on 12-h light-12-h dark cycles with food and water ad libitum. An institutional review committee at the University of Kansas Medical Center approved the animal care and use protocols used in this study.
Bacterial challenge. E. coli O111:B4 bacteria were grown overnight from frozen stock in Trypticase soy broth at 37°C with shaking (100 rpm). An aliquot of the overnight culture was transferred into fresh Trypticase soy broth and grown to a density of approximately 5 ϫ 10 8 bacteria/ml. The bacteria were then washed once with cold PBS, diluted, and injected by the i.p. route. The actual numbers of live bacteria injected were confirmed for each experiment by growing dilutions of the inoculums at 37°C overnight on Trypticase soy agar. The 50% lethal dose for this organism in CF-1 mice was approximately 10 7 CFU when injected by the i.p. route.
Preparation of cell suspensions. Mice were euthanized, and various organs and tissues were removed under aseptic conditions. For liver perfusion, the portal vein was cannulated and 30 ml of warm Hanks' balanced salt solution (HBSS) containing 10 mM HEPES was infused at a rate of 1 ml/s. The perfusate was collected with a cannula placed into the superior vena cava. The liver was then removed and washed once with ice-cold HBSS containing 10 mM HEPES, minced with scissors, transferred to digestion buffer (HBSS, 10 mM HEPES, 25 g of Liberase RH/ml, 40 g of DNase I/ml, 1 g of brefeldin A/ml), and incubated at 37°C for 30 min with shaking (60 cycles/min). The partially digested tissue was gently pressed through a 100-gauge stainless steel mesh, and the enzymes were inactivated by adding an equal volume of stop solution (Ca 2ϩ -Mg 2ϩ -free HBSS, 10 mM HEPES, 5% FBS). Following centrifugation (20 ϫ g) at room temperature for 10 s to remove intact hepatocytes and debris, the suspension was carefully placed onto a layer of 28% isotonic Percoll (density ϭ 1.063) and centrifuged at 300 ϫ g at room temperature for 30 min. The supernatant and Percoll layers were carefully aspirated and discarded, and the cell pellet was recovered by centrifugation. Contaminating erythrocytes were then lysed by resuspending the cells in ACK lysing buffer and incubating the suspension at 37°C for 10 min. The cells were washed twice with warm RPMI 1640 supplemented with 10% FBS, 5 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 g/ml), and brefeldin A (1 g/ml). To prepare lymphocytes from the spleen, lymph nodes, or thymi, the organs were gently teased and pressed through 100-gauge stainless steel mesh. Splenic erythrocytes were lysed with ACK lysing buffer. Lymphocytes from heparinized peripheral blood were prepared by centrifugation through Ficoll-Paque. Each lymphocyte preparation was washed twice with warm RPMI 1640 medium, resuspended in complete culture medium containing 3 to 7 g of brefeldin A/ml, and incubated for 5 to 9 h at 37°C in an atmosphere of 5% CO 2 .
Assay for serum IFN-␥. The concentrations of IFN-␥ in mouse sera were determined by enzyme-linked immunosorbent assay (PharMingen) according to the manufacturer's instructions. The detection limit of this assay was 40 pg/ml.
Flow cytometry. Brefeldin A-treated cells were washed twice with ice-cold phosphate glucose buffer (PBS, 0.1 M glucose, 0.5% BSA). To block nonspecific antibody binding, cells were sequentially incubated on ice for 15 min with rat anti-mouse CD16/CD32, normal rat IgG (3 g/ml), and normal hamster IgG (3 g/ml). After being washed in phosphate glucose buffer, the cells were treated on ice for 45 min with biotinylated anti-mouse NK1.1 followed by incubation on ice for 45 For three-color analysis, lymphocytes were further gated based on intracellular IFN-␥ expression, and surface phenotypes were determined. The data were analyzed with System II data acquisition and analysis software (version 3.0; Beckman Coulter).
For the detection of NK T cells with specificity for ␣-GalCer-CD1d, brefeldintreated cells were first washed twice with ice-cold fluorescence-activated cell sorting buffer (PBS, 0.5% BSA, 0.05% NaN 3 ). Nonspecific binding sites were sequentially blocked with anti-mouse CD16/CD32, normal rat IgG, normal hamster IgG, and neutravidin on ice for 15 min. After being washed, the cells were stained with anti-NK1.1 as described above. Then they were incubated at room temperature for 20 min with either PE-conjugated ␣-GalCer-CD1d tetramer or PE-conjugated CD1d tetramer lacking ␣-GalCer. The cells were treated with CytoFix/CytoPerm for 1 h, washed four times, and stained with Cy-Chromeconjugated anti-CD3ε on ice for 45 min.
Thiol depletion and measurement of tissue glutathione. The use of DEM to deplete intracellular thiols in vivo has been described previously (38, 50) . Briefly, mice were injected i.p. with either sesame oil or DEM (5.3 mmol/kg of body weight) prepared in sesame oil 2 h prior to bacterial challenge. At the time of sacrifice, a sample of liver tissue was frozen in liquid nitrogen and stored at Ϫ70°C until assay. Tissue digests were prepared with the aid of a Polytron (Brinkman Instruments, Westbury, N.Y.), and protein-free extracts were prepared as previously described (50) . Total tissue glutathione concentrations (reduced plus oxidized) were measured by the kinetic recycling assay described by Tietze (48) , and the results were expressed as nanomoles of glutathione per milligram of protein.
Statistical analysis. Student's t test was used to determine whether there were significant differences between groups (P Ͻ 0.01).
RESULTS
IFN-␥ responses in the mouse to E. coli challenge. Mice were injected i.p. with various doses of viable E. coli O111:B4 bacteria, and their sera were collected 6 h later. Serum IFN-␥ levels increased in a dose-dependent manner following bacterial challenge (Fig. 1A) . A dose of 1 ϫ 10 7 to 5 ϫ 10 7 CFU of bacteria elicited serum IFN-␥ responses comparable to those induced by 10 to 100 g of E. coli LPS and was adopted as the standard dose range for all subsequent experiments. IFN-␥ responses reached maximum levels between 6 and 12 h (Fig.  1B) . Therefore, for all experiments reported here cellular responses were measured 6 h after bacterial challenge.
We next determined the tissues in which IFN-␥ production occurred by isolating lymphocytes from the livers, spleens, lymph nodes, thymi, blood, and peritoneal cavities of E. coli- challenged mice and enumerating cells expressing intracellular cytokines by flow cytometry. Cells were isolated as described in Materials and Methods and treated with brefeldin A to inhibit cytokine secretion. Intracellular IFN-␥ was detected by using PE-conjugated rat anti-mouse IFN-␥, and the staining was compared to that for control cells treated with PE-conjugated rat IgG. As shown in Fig. 2A and B, lymphocytes from the liver contained the greatest percentage of IFN-␥-producing cells, ϩ , only 50% of hepatic lymphocytes expressed CD3. For these reasons, we concluded that hepatic lymphocytes were distinct from blood lymphocytes, and for all subsequent experiments we isolated hepatic cells without prior perfusion of the livers.
Phenotypes of hepatic lymphocytes that produce IFN-␥ in response to E. coli challenge. Lymphocytes were isolated from the livers and spleens of E. coli-challenged mice, treated with brefeldin A to block cytokine secretion, fixed, and permeabilized. They were then stained with fluorochrome-conjugated antibodies to CD3 and IFN-␥ and analyzed by flow cytometry. A comparison of the cells from these two organs indicated that nearly half of the IFN-␥ ϩ cells from the spleen expressed CD3, whereas the majority of the hepatic IFN-␥ response was mediated by CD3
Ϫ cell subsets (Fig. 2C) . These findings probably reflect the relative abundance of NK cells and NK T cells in the mouse liver compared to the spleen (13, 14, 18, 35) . A further analysis of hepatic cell subsets was then undertaken. The entire lymphocyte population was first gated by light scatter parameters, and then two-color measurement of surface markers was performed (Fig. 3A, upper panel) . Approximately 25% of the total cells had an NK1.1 ϩ CD3 Ϫ phenotype, while nearly 40% expressed a conventional T-cell phenotype (NK1.1 Ϫ CD3 ϩ ) (Fig. 4) . A smaller group of cells bore both NK1.1 and CD3 and appeared to consist of two distinct subsets. When this analysis was performed on cells that had first been gated for the expression of intracellular IFN-␥, the majority of the cytokine-producing cells were found to be NK cells (NK1.1 ϩ CD3 Ϫ ) (Fig. 3A, lower panel) . However, 10 to 15% of the IFN-␥-positive cells had an NK T-cell phenotype (NK1.1 ϩ CD3 ϩ ) (Fig. 4) . Again, this double-positive group of IFN-␥-expressing cells appeared to consist of two subsets based on the intensity of CD3 staining. Approximately half of the total NK cells and NK T cells expressed intracellular IFN-␥ in response to E. coli challenge, whereas only a small percentage of the total T cells stained for intracellular cytokine. Of the NK1.1 ϩ CD3 Ϫ , NK1.1 ϩ CD3 ϩ , and NK1.1 Ϫ CD3 ϩ lymphocyte subsets, 53.8 Ϯ 14.8, 45.6 Ϯ 13.7, and 5.0% Ϯ 13.7%, respectively, expressed intracellular IFN-␥.
A number of control assays were performed to ensure that these results reflected specific antibody staining. For example, the data shown in Fig. 3B (lower panel) demonstrate that lymphocytes present in the livers of healthy, unchallenged B6 mice did not stain with anti-IFN-␥. Similarly, cells from strains of mice which did not express the NK1.1 allele (e.g., C3H) (Fig.  3C ) did not evidence any NK1.1 staining when either the total hepatic lymphocytes (upper panel) or the IFN-␥ ϩ lymphocytes (lower panel) were analyzed. Hepatic lymphocyte populations that were treated with anti-CD4 plus anti-CD3 (Fig. 3D) showed patterns of staining that were different from those of cells treated with anti-NK1.1 plus anti-CD3 (Fig. 3A) . Cells not exposed to these primary antibodies showed no significant staining (Fig. 3E) .
Effects of thiol depletion on hepatic lymphocyte IFN-␥ responses to E. coli. As a means of altering tissue redox status, B6 mice were injected i.p. with either vehicle (sesame oil) or various doses of the thiol-reactive compound DEM. Two hours later the mice were challenged i.p. with E. coli bacteria, and their livers were removed 6 h postchallenge. Total hepatic glutathione concentrations were determined, and the frequencies and surface phenotypes of hepatic IFN-␥ ϩ lymphocytes were determined for each treatment group.
Tissue glutathione concentration is a sensitive indicator of overall intracellular thiol status. As reported previously (38) , pretreatment with the thiol-reactive compound DEM resulted in decreased hepatic glutathione levels (Fig. 5A ) in E. colichallenged mice. Thiol depletion also significantly reduced the percentage of hepatic lymphocytes expressing intracellular IFN-␥ (Fig. 5B, upper panels) . Of interest, this effect was associated with a decrease in the expression of IFN-␥ by NK cells, conventional T cells, and a portion of the NK T-cell population. However, a subset of hepatic NK T cells was relatively resistant to the effects of DEM treatment (circled populations, Fig. 5B ). Thus, while the majority of the IFN-␥-expressing cells in the livers of control mice following E. coli (Fig. 5C) , it was apparent that the CD3-dull (i.e., weakly staining) NK T-cell subset retained its ability to express the cytokine after treatment with DEM. When the effects of DEM treatment on IFN-␥ expression by CD4 ϩ NK1.1 ϩ and CD8 ϩ NK1.1 ϩ cells were analyzed, thiol depletion significantly inhibited cytokine production only in the CD4 NK T-cell subset (32% positive versus 11% positive; P Ͻ 0.01). IFN-␥ expression by CD8 ϩ NK1.1 ϩ cells was not significantly changed (64% positive versus 46% positive; P Ͼ 0.05). It should be noted that thiol depletion did not alter the number of lymphocytes recovered from the liver or the relative proportions of the total cells that expressed each of the surface phenotypes (data not shown).
Receptor specificity of IFN-␥-expressing NK T cells.
Many, but not all, NK T cells bear CD1d-restricted TCRs specific for the glycolipid ␣-GalCer (3-5, 40, 46) . To determine whether the mouse hepatic NK T cells that produced IFN-␥ in response to E. coli challenge expressed ␣-GalCer-CD1d-specific receptors, cells were stained with fluorochome-conjugated anti-NK1.1, anti-CD3, and ␣-GalCer-CD1d tetramers. Multicolor flow cytometry was used to identify cells from E. coli-challenged control mice that expressed both NK1.1 and CD3 (left panel, Fig. 6A ), and the two double-positive subsets were gated and individually analyzed for ␣-GalCer-CD1d tetramer binding (center panels, Fig. 6A ). Cells of subset A, which expressed relatively low levels of CD3, did not bind ␣-GalCer-CD1d tetramers any more than they bound control CD1d tetramers lacking ␣-GalCer. By contrast, many of the cells of subset B, which expressed relatively high levels of CD3, bore TCRs capable of binding ␣-GalCer-CD1d. Both subset A and subset B from these control animals expressed intracellular IFN-␥ following bacterial challenge (right panel, Fig. 6A ).
Hepatic lymphocytes isolated from mice that had been A similar analysis was performed to determine whether the redox-resistant subset of NK T cells expressed ␥␦ T-cell antigen receptors. While NK1.1 ϩ TCR␥␦ ϩ cells constituted a minor subset of the total liver lymphocytes, approximately 50% of these cells expressed IFN-␥ in response to bacterial challenge (Fig. 7) . While treating mice with DEM prior to challenge decreased IFN-␥ expression by NK cells (NK1.1 ϩ TCR␥␦ Ϫ ), it did not significantly diminish the expression of IFN-␥ by TCR␥␦ ϩ NK T cells. Likewise, TCR␥␦ ϩ conventional T cells retained the ability to express the cytokine despite thiol depletion.
DISCUSSION
The present study was designed to characterize the phenotypes of lymphocytes within the mouse liver that produce IFN-␥ in response to viable gram-negative bacteria and determine the effects of oxidative stress on the responses of each cell subset. The liver was of particular interest to us for a number of reasons. Numerous IFN-␥-expressing cells were found in this organ, and sufficient numbers of NK cells, NK T cells, and conventional T cells were present to permit characterization of the effects of redox imbalance on the responses of each of these subsets. The liver is especially susceptible to tissue redox imbalance during E. coli infection in this model (M. J. Parmely, M. Greenblatt, and G. Zhang, unpublished data) and redoxdependent changes in gene expression (38, 50) . While the total number of IFN-␥-producing cells in the spleen following bacterial challenge was comparable to that found in the liver, the frequency of IFN-␥-producing cells that belonged to certain subsets (e.g., NK cells and NK T cells) was considerably lower, which precluded a similar analysis of the effects of oxidative stress on their activation.
The liver also plays a central role in innate immune responses to gram-negative bacterial infections. For example, the organ is recognized as a major source of early inflammatory cytokines, such as TNF-␣ (14, 24, 43) . Recently, many of the innate immune functions of hepatic lymphocytes have also been characterized (18, 24, 43, 49) . Both rodent and human livers contain significant numbers of T cells, NK cells, and NK T cells (13, 14, 18, 34, 35) , which produce early inflammatory cytokines in response to infection or challenge with microbial products (16, 36, 39) . The majority of the IFN-␥ produced in mice challenged with bacterial LPS is synthesized by lymphocytes bearing NK cell markers (12, 33, 36, 42, 45) , and the liver appears to be one of the richest sources of these cells.
Both the human and mouse livers are rich in NK T cells, which coexpress the TCR-CD3 complex and NK cell markers (4, 13, 18, 35) . The NK T-cell population is itself heterogeneous (4, 15, 27, 29, 35) . A large portion of mouse NK T cells express a common ␣␤ TCR encoded by an invariant V␣14-J␣281 gene segment and a restricted pool of V␤ gene segments (6, 26, 45) . These relatively invariant V␣14 NK T cells are thought to recognize primarily nonpeptide antigens presented by the nonpolymorphic major histocompatibility complex class I-like molecule CD1d. Although the physiological ligands for their receptors are not known, V␣14 NK T cells are often defined by their binding of tetramers composed of the glycolipid ␣-GalCer and CD1d (23, 46) . In response to TCR ligation with antibodies, NK T cells can produce both IFN-␥ and interleukin-4 (IL-4) (2, 3, 10, 13, 52), although some cell-activating agents have been reported to skew the IL-4-IFN-␥ balance of cytokine secretion (8, 44) .
The present study is the first to show that NK1.1 ϩ cells, which include conventional NK cells and NK T cells, are the predominant IFN-␥-producing cells in the mouse liver following an acute challenge with viable E. coli bacteria. Approximately half of all hepatic NK cells and NK T cells were activated for IFN-␥ expression by bacterial challenge, and over 90% of a subset of NK T cells, which did not bind ␣-GalCerCD1d, expressed the cytokine. Recently, Baron et al. (3) described a similar subset of nonclassical hepatic NK T cells in mice challenged with hepatitis B virus envelope antigens that mediated acute viral hepatitis. In the present study, a CD3-dull NK T-cell subset was detected in the livers of E. coli-challenged mice that was not as apparent in the healthy mouse liver, suggesting that bacterial challenge may have led to the recruitment of these cells from an extrahepatic site(s). Of interest, this subset retained the ability to synthesize IFN-␥ under prooxidant tissue conditions (i.e., after acute thiol depletion) and also appeared to express a CD8 ϩ TCR␥␦ ϩ phenotype.
Hepatic NK and NK T cells have been shown elsewhere to mediate both protective immune responses and tissue damage in animal infection models (3, 21, 36, 39, 42) . Seki et al. (43) showed that anti-NK1.1 treatment inhibited IFN-␥ production by mouse hepatic lymphocytes in response to polymicrobial peritonitis. Ishigami et al. (21) reported that J␣281 Ϫ/Ϫ mice lacking invariant NK T cells showed decreased liver injury in response to salmonella challenge compared to wild-type mice. A similar finding has recently been reported with a mouse virus hepatitis model (3) .
An imbalance in the normal redox status of tissues is often observed during infections and acute inflammatory responses, and the mouse liver appears to be particularly sensitive to this effect. This probably reflects the high level of reactive oxygen and/or nitrogen species that are produced in the liver and the resulting depletion of antioxidants. Although the mechanism by which oxidative and nitrosative stress (28) affects gene expression in these models is not well characterized, redox control of transcription initiation is a likely target (1, 28) . Among the most often reported effects of altered cellular redox balance on gene expression are modifications in the activities of the transcription factors NF-B, AP-1, p53, and Stat, all of which play important roles in regulating the expression of early inflammatory genes.
To understand the effects of redox imbalance in infection models, a number of investigators have characterized responses to microbial challenge in thiol-depleted animals (30, 38, 50) . Treating mice with either DEM or buthionine sulfoximine, an inhibitor of glutathione biosynthesis, inhibited the production of TNF-␣ and IFN-␥ in response to either bacterial or LPS challenge. The LPS-stimulated animals also showed decreased expression of hepatic ICAM-1 and iNOS (38, 50) , but exogenous IFN-␥ restored these responses to LPS (38) . These findings suggest that the inhibition of IFN-␥ production by oxidative or nitrosative stress is a key event in regulating early inflammatory gene expression during gram-negative bacterial infections.
We do not believe that the effects of oxidative stress on IFN-␥ production in the liver are due to the depression of IL-12 production. While serum IFN-␥ responses were inhibited by approximately 90% in mice whose tissue glutathione was depleted prior to challenge (38) , the serum IL-12 concentrations in the same animals were only diminished by half 
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dim phenotype expressed the cytokine following bacterial challenge despite thiol depletion. This probably explains the relatively small but consistent IFN-␥ responses reported previously for DEM-treated, E. coli-challenged animals (38) . Because CD8 ϩ NK1.1 ϩ cells, but not CD4 ϩ NK1.1 ϩ cells, also retained the ability to express IFN-␥ after thiol depletion, it is tempting to conclude that this novel NK T-cell population is also CD8
ϩ . The liver contains a range of heterogeneous overlapping lymphocyte subsets, including TCR␥␦ ϩ NK T cells (28, 35) . Preliminary results reported here suggest that hepatic lymphocytes in thiol-depleted mice that respond to bacterial challenge bear ␥␦ T-cell antigen receptors. Although the identity of each of the lymphocyte subsets responding to bacterial challenge has not been firmly established, it is clear from these findings that redox imbalance differentially regulates their activation during infection. This suggests that the signaling pathways utilized by hepatic lymphocytes are diverse and not coordinately regulated by the redox status of their tissues.
